Abstract. Insulin resistance is a characteristic feature of cardiovascular and renal diseases, and angiotensin II (Ang II) has been suggested to induce insulin resistance. The aims of this study were to elucidate the effect of chronic Ang II infusion on vascular reactivity and organ damage in insulinsensitive rats. We confirmed the following three points. First, there was no significant difference in pressor response to chronic Ang II infusion (600 ng/kg/min) between insulinsensitive transgenic rats (Tg) and control rats (C). Second, there was no significant difference in cardiac hypertrophy and fibrosis by chronic Ang II infusion between the two groups. However, third, fibrotic response to chronic Ang II infusion evaluated by histopathological scoring in the kidney was significantly decreased in insulin-sensitive transgenic rats (renal fibrosis and nephropathy score: C+Ang II vs Tg+Ang II; 2.5 vs 1.3; p<0.05). Furthermore, the expression of TGF-ß, a fibrosis indicator, was also significantly suppressed in the kidneys of the transgenic rats (TGF-ß1/ GAPDH ratio: C+Ang II vs Tg+Ang II; 1.15 vs 0.81; p<0.05). This result indicates that the growth hormone/insulin-like growth factor-1 axis is critically involved in the development of renal injury and fibrosis, rather than hypertension, cardiac hypertrophy, and cardiac fibrosis induced by chronic Ang II administration.
Introduction
We have previously reported a long-lived transgenic dwarf rat model in which the growth hormone (GH)/insulin-like growth factor (IGF)-1 axis was selectively suppressed by the overexpression of the antisense GH transgene (tg). This transgenic rat is unique in having a longer lifespan, mainly due to a reduced prevalence of cardiovascular and nephropathic events, smaller body size, and an increased insulin sensitivity (1, 2) . Recently, GH antagonist transgenic mice demonstrated a marked reduction in circulating IGF-1, blood glucose, and insulin levels, and an increased peripheral insulin sensitivity as measured by an insulin tolerance test and hyperinsulinemic euglycemic clamp analysis, suggesting that the chronic elevation of GH levels plays an important role in insulin resistance (3) . Diminished insulin sensitivity is a characteristic feature of various pathological conditions such as hypertension, heart failure, and type 2 diabetes (4, 5) . In these pathological conditions, angiotensin II (Ang II) has been suggested to induce insulin resistance. Moreover, increased target organ damage in the cardiovascular system and pressor responsiveness to Ang II were found in insulinresistant hypertensive rats. In the heart, Ang II induces cardiac hypertrophy, perivascular and interstitial fibrosis, and oxidative stress, which have been linked to end-stage heart failure (6, 7) . Furthermore, renal cell growth and extracellular matrix (ECM) synthesis and degradation were modulated by Ang II, leading to glomerulosclerosis and interstitial fibrosis and consequently to advanced renal failure (8) . It has also been shown that ACE inhibitor and the Ang II receptor blocker improve insulin sensitivity and reduce blood pressure in essential hypertension and fructose-induced hyperinsulinemic hypertensive rats (9) (10) (11) . However, it is not clear whether a blunted response to Ang II is found in insulinsensitive animal models. Accordingly, our insulin-sensitive rats may have diminished responses to Ang II, which can be linked to their reduced prevalence of cardiovascular and nephropathic complications, and subsequently to their longevity. In the present study, we examined the effect of chronic Ang II infusion on vascular reactivity and organ Fibrotic response to angiotensin II is blunted in the kidney, but not in the heart, in insulin-sensitive long-lived transgenic dwarf rats 
Materials and methods
Animal model. The transgenic rats [Jcl:Wistar-TgN (ARGHGEN)1Nts] were kindly provided by Nippon Institute for Biological Science (Oume City, Tokyo, Japan) and the present colony has been established in a barrier facility in the Laboratory Animal Center at Nagasaki University School of Medicine since 1997. The transgene consisted of four copies of the thyroid hormone response element, the rat GH promoter, and antisense cDNA sequences for rat GH. Sixteen-week-old male heterozygous (tg/-) rats and male Wistar control (-/-) rats (Japan Clea Inc., Tokyo, Japan) were used in this study. Because homozygous (tg/tg) rats do not have long lives due to the increased prevalence of leukemia and other neoplastic disease, we used heterozygous (tg/-) rats as a model of longlived insulin-sensitive rats. The following study was approved by the Animal Rights Committee, Nagasaki University.
Ang II infusion. Ang II (600 ng/kg/min) was continuously administered to heterozygous (tg/-) rats (n=8) and control (-/-) rats (n=8) for 4 weeks via a subcutaneous-implanted osmotic mini-pump (Alzet model 2002, Palo Alto, CA). As a vehicle control, saline was continuously administered to heterozygous (tg/-) rats (n=8) and control (-/-) rats (n=8) for 4 weeks. Ang II (Sigma Aldrich Chemicals Japan, Tokyo, Japan) was dissolved in saline at 4 mg/ml, and acetic acid was added to maintain its stability (final concentration, 0.01 mol/l).
Blood pressure, heart rate, and body weight measurements. Blood pressure (BP) and heart rate (HR) were measured in conscious rats by the tail-cuff method (Model MK-2000, Muromachi Kikai Co, Tokyo, Japan) and body weight (BW) was recorded before and after 4 weeks of Ang II or saline infusion.
Echocardiography. At 4 weeks of treatment, echocardiography was performed under pentobarbital anesthesia (50 mg /kg, ip). A Toshiba Aplio echocardiograph machine (SSA-700A) equipped with a 7.5-MHz phased-array transducer was used. Anterior and posterior wall thickness (PWT) and left ventricle (LV) internal dimensions were measured. Systolic function was assessed by calculating endocardial fractional shortening (FS). Relative wall thickness (RWT) was calculated as 2xPWT/LV internal dimension (12, 13) .
Blood sampling and organ collection. At the end of the experiment, the blood of the rats was collected in chilled plastic tubes containing 0.5 ml of 3.8% EDTA. Plasma IGF-1 level was measured by radioimmunoassay. The heart and right kidney were dissected in each rat. One part of these specimens was fixed in 10% formalin for histopathological examination and another part was frozen in liquid nitrogen and kept at -80˚C until homogenized.
Histological analysis. The paraffin-embedded sections were prepared and stained either with hematoxylin and eosin or Masson's trichrome for light microscopy analysis. Fibrosis in the heart was graded from 0-4 as determined by perivascular Table I . Animal characteristics and serum IGF-1 after 4 weeks of Ang II infusion. - fibrosis and myocardial fibrosis. Renal involvement was graded from 0-3 as determined by interstitial fibrosis and nephropathy. The severity of nephropathy was scored using the method of Maeda and colleagues with some modifications (14, 15) .
Semi-competitive RT-PCR.
Total RNA was isolated from the kidney and ventricle using Trizol reagent (Invitrogen Japan, Tokyo, Japan) according to the manufacturer's instructions. Reverse transcription followed by polymerase chain reaction (RT-PCR) was performed using a Qiagen OneStep RT-PCR kit (Qiagen Japan, Tokyo, Japan) according to the manufacturer's protocol. Primers used were as follows: TGF-ß1, 5'-AAG AAC TGC TGT GTG CGG-3' and 5'-GCA CTT GCA GGA GCG CAC AA-3' (296 bp); and GAPDH, 5'-AGA TCC ACA ACG GAT ACA TT-3' and 5'-TCC CTC AAG ATT GTC AGC AA-3' (309 bp) (16, 17) . Quantitative analysis was performed by NIH imaging.
Statistical analysis. Data were represented as the mean ± SEM. One-way analysis of variance (ANOVA) followed by the Scheffe's F-test were performed for statistical comparisons. Differences were considered statistically significant when p<0.05. 
Results

Animal characteristics and IGF-1 determination.
Baseline BP and HR readings were similar in heterozygous (tg/-) (124.9±2.7 mmHg, 436.8±8.3 bpm) and control (-/-) (118.5±4.5 mmHg, 448.3±10.1 bpm) rats. BP, HR, BW, heart weight, kidney weight, and serum levels of IGF-1 after 4 weeks of Ang II or vehicle infusion to transgenic and control rats are shown in Table I . Ang II infusion increased BP in both the control and transgenic groups to the same extent. Body weight was lighter in the transgenic rats than in the control rats, while rats that received Ang II infusion showed lighter BW than those that received vehicle infusion. To note, transgenic rats had a higher heart weight/BW ratio than control rats during vehicle infusion (statistically insignificant, p=0.06), although Ang II infusion increased the heart weight/BW ratio to the same extent in transgenic and control rats. The kidney weight/BW ratio also increased by Ang II infusion in both transgenic and control rats. Similar kidney weight/BW ratios were observed between transgenic and control rats either with Ang II or vehicle infusion. Ang II reduced serum IGF-1 level in both transgenic and control rats.
Echocardiography. As shown in Fig. 1 , RWT and %FS in the Ang II-infused transgenic and control rats (C+Ang II and Tg+Ang II) were significantly higher than those in the respective vehicle-infused rats (C+V and Tg+V). Both control and transgenic rats showed a marked increase in RWT and %FS after Ang II infusion.
Histological analysis. Fig. 2 indicates that there was no difference in cardiac fibrosis between Ang II-infused transgenic and control rats (C+Ang II and Tg+Ang II) and their respective vehicle-infused rats (C+V and Tg+V) (cardiac fibrosis score C+Ang II vs Tg+Ang II; 3.3 vs 3.5; statistically insignificant). However, as shown in Fig. 3 , the severity of renal involvement was remarkably higher in Ang IIinfused control rats (C+Ang II) than in those of Ang IIinfused transgenic rats (Tg+Ang II) (renal fibrosis and nephropathy score: C+Ang II vs Tg+Ang II; 2.5 vs 1.3; p<0.05).
Expression of TGF-ß1 mRNA in the kidney. To examine whether the fibrotic response in the kidney by Ang II infusion was blunted in transgenic rats, RT-PCR analysis of TGF-ß1, as a marker of fibrosis, was performed. As shown in Fig. 4 , the expression of the mRNA level of TGF-ß1 was significantly higher in control rats (C+Ang II) compared to transgenic rats (Tg+Ang II) after Ang II infusion (TGF-ß1/GAPDH ratio: C+Ang II vs Tg+Ang II; 1.15 vs 0.81; p<0.05).
Discussion
In the present study, we first confirmed the effects of the chronic administration of Ang II on pressor response as well as morphological and histological changes in the heart and the kidney in an insulin-sensitive transgenic rat model. Recently, many reports concerning growth hormone (GH)-suppressed rodents have documented longevity, small size, and insulin hypersensitivity. Insulin hypersensitivity was also demonstrated using a glucose tolerance test and glucose clamp test (18, 19) . It is well recognized that the reninangiotensin system (RAS) plays an important physiological role in body fluid and sodium homeostasis and blood pressure regulation, whereas RAS activation causes hypertension and other cardiovascular and renal diseases (20) . Experimental and clinical studies have demonstrated the benefit of the RAS blockade in the treatment of such cardiovascular and renal diseases (21) (22) (23) (24) . Bunnag et al (25) suggested that the blood pressure response to an acute infusion of Ang II was not significantly different among high fructose-fed rats, high sucrose-fed rats, and control rats. However, Gaboury et al (26) confirmed that hypertensive subjects but not normotensive subjects display a striking negative correlation between pressor response to Ang II and insulin resistance from the results of acute Ang II infusion and a glucose clamp test. Although it is not clear whether the response to chronic Ang II infusion is enhanced in insulinresistant animal models, there are studies showing that the administration of the Ang II receptor blockade reduces or abolishes blood pressure elevation and hyperinsulinemia in insulin-resistant rats (27, 28) . Thus, we assumed that a blunted response to chronic Ang II would be found in our insulinsensitive transgenic rats. In the present study, we confirmed the following three points. First, there was no significant difference in pressor response to chronic Ang II infusion between insulin-sensitive transgenic and control rats. Second, there was no significant difference in cardiac hypertrophy and fibrosis by chronic Ang II infusion between the two groups. However, third, fibrotic response to chronic Ang II infusion in the kidney was significantly decreased in insulinsensitive transgenic rats. Generally, continuous Ang II infusion has been shown to cause blood pressure elevation, cardiac hypertrophy, and renal dysfunction in animal models. In this study, Ang II infusion induced marked blood pressure elevation and hypertrophic responses, including increases in heart weight and LV wall thickness in both groups. In contrast, the preventive effect of GH/IGF-1 axis suppression on renal fibrosis and injury induced by Ang II was identified in insulin-sensitive transgenic rats. Furthermore, expression of TGF-ß, a fibrosis indicator, was also significantly suppressed in the kidneys of the transgenic rats. This result indicated that the GH/IGF-1 axis was critically involved in the development of renal injury and fibrosis, rather than hypertension, cardiac hypertrophy, and cardiac fibrosis induced by Ang II. The mechanism of this difference by chronic Ang II infusion observed in the heart and kidneys is not clear at present. Anderson et al (29) suggested that insulin, itself, significantly increases TGF-ß and extracellular matrix gene expression in rat mesangial cells. However, Ang II alone has modest effects, while Ang II and insulin have additive effects. They also suggested that enhancement of mitogen-activated protein (MAP) kinase activity and AT1 receptor message level by insulin may contribute to the additive effects of insulin and Ang II in rat mesangial cells. Moreover, Brown-Borg et al (30) suggested that the reduced levels of glutathione peroxidase (GPX) proteins, one family of antioxidant proteins, in the heart and skeletal muscle were modest in comparison to those observed in the liver and kidney in Ame dwarf mice by growth hormone administration. The organ damage difference between the heart and kidney may be explained by the organ-specific response under oxidative stress. Further study is required to elucidate the differences in organ damage between the heart and kidneys with regard to signal transduction below the level of insulin/IGF-1 and Ang II receptors. In conclusion, insulin hypersensitivity with GH/ IGF-1 axis suppression ameliorates renal fibrosis and injury caused by excessive Ang II. Application of these results clinically may lead to a promising new treatment for hypertension, heart failure and type 2 diabetes.
